Proton decay and new contribution to 0ν2β decay in SO (10) (10), the canonical seesaw mechanism is also constrained by the symmetry breaking scale M R ∼ M C ≤ 10 6 GeV which yields light neutrino masses several orders larger than the neutrino oscillation data. Recently this difficulty has been evaded through TeV scale gauged inverse seesaw mechanism while predicting experimentally verifiable W ± R , Z R bosons with a new dominant contribution to W L − W L mediated neutrinoless double beta decay and other observable phenomena, but with proton lifetime far beyond the accessible limits in foreseeable future. In the present work, adopting the view that we may have only a nonstandard TeV scale Z ′ gauge boson accessible to the Large Hadron Collider while W ± R may be heavy and currently inaccessible, we show how a class of non-supersymmetric SO(10) models allow experimentally verifiable proton lifetime and the new contributions to neutrinoless double beta decay in the W L − W L channel, lepton flavor violating branching ratios, observable n −n oscillation, and lepto-quark gauge boson mediated rare kaon decays. The occurrence of Pati-Salam gauge symmetry with unbroken D-parity and two gauge couplings at the highest intermediate scale guarantees precision unification in such models. This symmetry also ensures vanishing GUT threshold uncertainy on sin 2 θ W or on the highest intermediate scale. Although the proton lifetime prediction is brought closer to the ongoing search limits with GUT threshold effects in the minimal model, no such threshold effects are needed in a nonminimal model even for lifetimes close to the Super-Kamiokande limit. We derive a new analytic expression for the 0νββ decay-half-life and show how the existing experimental limits impose the lower bound on the lightest of the three heavy sterile neutrino masses, M S 1 ≥ 14 ± 4 GeV, irrespective of the nature of hierarchy of light neutrino masses. We also derive a new lower bound on the lepto-quark gauge boson mass mediating rare kaon decay, M lepto ≥ (1.53±0.06) × 10 6 GeV, which is easily accommodated in the model. The n −n mixing times are predicted in the range τ n−n ≃ 10 8 − 10 13 sec covering those accessible to ongoing experiments.
Although the standard model (SM) of strong, weak, and electromagnetic interactions has unraveled the gauge origin of fundamental forces and the structure of the universe while successfully confronting numerous experimental tests, it has a number of limitations. Experimental evidences of tiny neutrino masses compared to their charged lepton counterparts also raises the fundamental issue on the origin of these masses as well as the nature of neutrinos: whether Dirac [1] or Majorana [2] -a question whose answer rests on the detection and confirmation of 0ν2β decay process on which there are a number of ongoing experiments [3] [4] [5] [6] [7] [8] [9] [10] . The SM predicts lepton flavor violating (LFV) decays many orders smaller than the current experimental limits which appear to be compatible via supersymmetric theories. Thus, in the absence of supersymmetry so far, it is important to explore non-supersymmetric (non-SUSY) extensions of the SM with sizable LFV decay branching ratios. Several limitations of the SM are removed when it is embedded in a popular grand unified theory (GUT) like SO(10) which has potentialities to achieve precision unification of the three forces, accommodate tiny neutrino masses through various seesaw mechanisms [11] [12] [13] [14] [15] [16] [17] , provide spontaneous origins of Parity and CP-violations [18] [19] [20] [21] [22] , and a host of other interesting physical phenomena. Even without any additional flavor symmetry, the model succeeds in representing all fermion masses of three generations while observable baryon number violating processes are generic among its predictions of new physics beyond the SM. Apart from proton decay, theoretical models have been proposed for experimentally observable signature of the other baryon number violating process such as n −n and H −H oscillations, and double proton decay through GUTs out of which n −n oscillation has attracted considerable interest. While in most of the conventional models [22-24, 33, 34] , the intermediate breaking of Pati-Salam gauge symmetry SU (2) L × SU (2) R × SU (4) C (≡ G 224 ) has been exploited at µ = M C ∼ 10 6 GeV, in a very interesting recent development it has been proposed [26] [27] [28] . to realize the process even if the symmetry breaks near the GUT scale such that the SM gauge symmetry rules all the way down to the electroweak scale. In this model the diquark higgs mediating the oscillation process are tuned to have masses at the desired intermediate scale or lower. The model also explains the observed baryon asymmetry of the universe by a novel mechanism. Prediction of |∆(B − L)| = 0 proton decay mode is another special attractive feature of this model. The neutrino masses and mixings in these models are governed by high scale canonical or type-II seesaw mechanisms with B − L gauge symmetry breaking occurring near the GUT-scale.
We consider worth while to pursue the conventional approach mainly because we are interested in associating all relevant physical mass scales with the spontaneous breakings of respective intermediate gauge symmetries. A non-standard extra Z ′ boson which is under experimental investigation at LHC energies [29, 30] is possible by extension of the SM. If such an extension is through Pati-Salam symmetry at higher scale, the model has the interesting possibility of accommodating observable n −n oscillation and rare kaon decays. If Pati-Salam symmetry in turn emerges from a GUT scenario like SO (10) , it provides interesting possibilities of gauge coupling unification and GUT-scale representation of all charged fermion masses with the prediction of Dirac neutrino mass matrix. If one fermion singlet per generation is added to the SO(10) frame work, it has the interesting possibility of explaining light neutrino masses and mixings by experimentally verifiable gauged inverse seesaw mechanism. Whereas the non-supersymmetric SM as such predicts negligible contributions to charged lepton flavor violating (LFV) decays, the TeV scale inverse seesaw mechanism predcts LFV branching ratios only 4 − 5 order smaller than the current experimental limits. Embedding such a mechanism through heavier right-handed neutrinos provides further interesting realisation of additional new dominant contributions to neutrino-less double-beta decay in the W L −W L channel through the exchanges of sterile neutrinos which turn out to be Majorana fermions in the model.
In this work we attempt to revive the conventional approach [31] [32] [33] [34] but by evading the light neutrino mass constraint through inverse seesaw formula gauged by the TeV scale symmetry SU (2) L × U (1) R × U (1) B−L × SU (3) C manifesting in an extra Z ′ boson which might be detected by ongoing search experiments at the Large Hadron Collider, a strategy which has been adopted recently in non-supersymmetric (non-SUSY) SO(10) grand unified theory (GUT) [36, 55] . Low energy signature of lepto-quark gauge bosons is also predicted through rare kaon decay K L → µē with branching ratios close to the current experimental limit [35] . Once the experimentally testable gauged inverse seesaw mechanism is made operative, the model is found to predict a number of new physical quantities to be verified by ongoing search experiments at low and accelerator energies. They include (i) dominant contribution to 0ν2β rate in the W L −W L channel due to heavy sterilele neutrino exchanges leading to the lower bound on the lightest sterile neutrino mass M S 1 ≥ 14 ± 4 GeV, (ii) unitarity-violating contributions to branching ratios for lepton flavor violating (LFV) decays, (iii) leptonic CP-violation due to non-unitarity effects, (iv) experimentally verifiable |∆(B−L)| = 0 proton decay modes such as p → e + π 0 (v)lepto-quark gauge-boson mediated rare kaon decay with Br.(K L → µē) ≃ 10 −12 , and (vi) observable n−n-oscillation mixing time 10 8 − 10 13 sec with the possibility of a diquark Higgs scalar at the TeV scale.
The quark-lepton symmetric origin of the Dirac neutrino mass matrix (M D ) is found to play a crucial role in enhancing the effective mass parameter for 0νββ decay. We also briefly discuss how a constrained (unconstrained) value of the RH neutrino mass matrix emerges from the SO(10) structure with one 126 (two 126's) from the GUT-scale fit to charged fermion masses.
Although some of the results of the present work were also derived in a recent work [36] , the model required the asymmetric left-right gauge symmetry at ≃ 10 TeV leading to the prediction of W ± R , Z R gauge bosons at LHC energies. In the present SO(10) model, we show that even though only a TeV scale Z ′ boson [37] is detected at the LHC, a number of these observable predictions are still applicable even if the W ± R boson masses are beyond the currently accessible LHC limit. In contrast to the earlier model, in the present work we predict proton lifetime to be accessible to ongoing search experiments. The symmetry breaking chain of the model is found to require SU (2) L × SU (2) R × SU (4) C × D(g 2L = g 2R )(≡ g 224D ) gauge symmetry at the highest intermediate scale (M P ) which eliminates the possible presence of triangular geometry of gauge couplings around the GUT scale. This in turn determines the unification mass precisely, at the meeting point of two gauge coupling constant lines. The other advantage of this symmetry is that it pushes most of the larger-sized submultiplets down to the parity restoring intermediate scale reducing the size of GUT-threshold effects on the unification scale and proton lifetime while the GUT-threshold effects on sin 2 θ W or M P have exactly vanishing contribution [41, 42, 45] .
We derive a new formula for half-life of 0νββ decay as function of three heavy sterile neutrino masses and provide a new plot of the half-life against the lightest of the three masses. From the existing experimental values of life-time [6] [7] [8] [9] , we deive the lower limit on the sterile neutrino mass of the first generation M S 1 > 14 ± 4 GeV which is also experimentally verifiable. This result is found to hold irrespective of the nature of hierarchy of light neutrino masses. We find that the saturation of half-life obtained by HeidelbergMoscow experiment does not necessarily require light neutrinos to be quasi-degenerate. These results on the half-life prediction on 0νββ decay and the derived bound on M S 1 is also applicable to the model of ref. [36] .
This paper is organized in the following manner. In Sec. 2 we discuss the specific SO(10) symmetry breaking chain and study predictions of different physically relevant mass scales emerging as solutions to renormalization group equations. In Sec. 3 we discuss predictions of proton lifetime accessible to ongoing search experiments. Lower bound on the lepto-quark gauge boson mediating rare-kaon decay is derived in Sec.4 where mixing times for n −n oscillation are also predicted. In Sec. 5 we discuss the derivation of Dirac neutrino mass matrix from GUT-scale fit to the charged fermion masses where, in a minimal SO(10) structure, we also show how the model predicts the RH neutrino mass eigenvalues which can be detected at the LHC. Fits to the neutrino oscillation data are discussed in Sec. 6. In Sec. 7 we discuss the model estimations of LFV decay branching ratios and CP-violating parameter due to non-unitarity effects. In Sec. 8 we obtain the model estimations on the dominant contributions to 0ν2β process and study variation of half-life as a function of sterile neutrino masses. The paper is summarized with conclusions in Sec. 9. In the Appendix we derive analytic formulas for GUT threshold effects on ln(M P /M Z ) and ln(M U /M Z ).
PRECISION GAUGE COUPLING UNIFICATION AND MASS SCALES
In the conventional approach to investigation of gauge coupling unification, usually the semi simple gauge symmetry to which the GUT gauge theory breaks is a product of three or four individual groups. As a result the symmetry below the GUT-breaking scale involves three or four gauge couplings. The most popular of such examples is SO(10) → G I where
C which has three different gauge couplings, g Y , g 2L and g 3C , whose renormalization group (RG) evolution creates a triangular region around the projected unification scale making the determination of the scale more or less uncertain. Even though the region of uncertainty is reduced in the presence of intermediate scales, it exists in principle when, for example,
C , that included three or four gauge couplings. Only in the case when G I = SU (2) L ×SU (2) R ×SU (4) C ×D, the Pati-Salam symmetry with LR discrete symmetry [19] (≡ D-Parity) [31, 32] , there are two gauge couplings g 2L = g 2R and g 4C , and the meeting point of the two RG-evolved coupling lines determines the unification point exactly. Several interesting consequences of this intermediate symmetry have been derived earlier including vanishing corrections to GUT-threshold effects on sin 2 θ W and the intermediate scale [41, 42, 45, 46] . We find this symmetry to be essentially required at the highest intermediate scale in the present model to guarantee several observable phenomena as SO(10) model predictions while safeguarding precision unification. We consider the symmetry breaking chain of non-SUSY SO(10) GUT which gives a rich structure of new physics beyond the SM provided the Pati-Salam symmetry occurs as an intermediate symmetry twice: once between the high parity breaking scale (M P ) and the GUT scale (M GUT ) and, for the second time, without parity between the SU (4) C breaking scale (M C ) and M P SO(10)
The first step of spontaneous symmetry breaking is implemented by giving GUT scale VEV to the D-Parity even Pati-Salam singlet contained in 54 H ⊂ SO(10) leading to the leftright symmetric gauge group G 224D with the equality in the corresponding gauge couplings g 2L = g 2R . The second step of breaking occurs by assigning Parity breaking VEV to the D-Parity odd singlet η(1, 1, 1) ⊂ 210 H [31, 32] resulting in the LR asymmetric gauge theory G 224 (g 2L = g 2R ). The third step of breaking to gauge symmetry G 2113 is implemented by assigning VEV of order M C ∼ 10 5 − 10 6 GeV to the neutral component of the G 224 submultiplet (1, 3, 15) ⊂ 210 H . This technique of symmetry breaking to examine the feasibility of observable n −n through the type of intermediate breaking G 224 → G 2113 was proposed at a time when neither the neutrino oscillation data, nor the precision CERN-LEP data were available [32] [33] [34] . The gauge symmetry G 2113 that is found to survive down to the TeV scale is broken to the SM by the sub-multiplet ∆ R (3, 1,10) ⊂ 126 H leading to the low-mass extra Z ′ boson accessible to LHC. At this stage RH Majorana mass matrix M N = f ∆ 0 R is generated through the Higgs Yukawa interaction. The last step of breaking occurs as usual through the VEV of the SM doublet contained in the sub-multiplet φ(2, 2, 1) ⊂ 10 H . The VEV of the neutral component of RH Higgs doublet ξ R (1, 2, 4) under G 224 symmetry contained in 16 H (SO(10) is used to generate the N − S mixing mass term needed for extended seesaw mechanism. For the sake of fermion mass fit at the GUT, scale we utilize two Higgs doublets for µ ≥ 5 TeV. Out of these two, the up type doublet φ u ⊂ 10 H 1 contributes to Dirac masses for up quarks and neutrinos, and the down type doublet φ d ⊂ 10 H 2 contributes to masses of down type quarks and charged leptons. We will see later in this work how the induced VEV of the sub-multiplet ξ(2, 2, 15) ⊂ 126 H [36, 67] naturally available in this model plays a crucial role in splitting quark and lepton masses at the GUT scale and determining the value of M D . In one interesting scenario, the GUT scale fit to fermion masses and mixings results in the diagonal structure of RH neutrino mass matrix near the TeV scale which is accessible for verification at LHC energies.
Using extended survival hypothesis [23, 25] the Higgs scalars responsible for spontaneous symmetry breaking and their contributions to β− function coefficients up to two-loop order are given in Tab.5. One set of allowed solutions for mass scales and GUT-scale finestructure constant is
5.5 − 10 6.5 GeV, M P = 10 13. 45 GeV,
where M ∆ represents the degenerate mass of diquark Higgs scalars contained in ∆ R (1, 3,10) ⊂ 126 H . The renormalization group evolution of gauge couplings is shown in Fig.1 (µ) (µ) (µ) (µ) (µ) We have noted that when M ∆ < M C , there is a small decrease in the unification scale that is capable of reducing the proton lifetime predictions by a factor 3 − 5. One example of this solution is,
4 GeV, M C = 10 6 GeV, M P = 10 12.75 GeV,
It is interesting to note that the present LHC bound on the diquark Higgs scalar mass [68] is
As discussed in the context of n −n oscillation in Sec. whereas the current experimental bound from LHC is (M Z ′ ) expt. ≥ 2.5 TeV. Thus, if such a Z ′ boson in the predicted mass range of the present model exists, it is likely to be discovered by the ongoing searches at the LHC.
Proton Lifetime for
p → e + π 0
Predictions at two-loop level
The formula for the inverse of proton-decay width [69] [70] [71] is is obtained from lattice gauge theory computations. In our model, the product of the short distance with the long distance renormalization factor A L = 1.25 turns out to be
Then using the the two-loop value of the unification scale and the GUT coupling from eq.(2.1) gives
whereas the solution of RGEs corresponding to eq.(2.2) gives
For comparison we note the current experimental search limit from Super-Kamiokande is [72, [78] [79] [80] 
A second generation underground water cherenkov detector being planned at Hyper-Kamiokande in Japan is expected to probe higher limits through its 5.6 Megaton year exposure leading to the partial lifetime [80] (τ p ) HyperK. ≥ 1.3 × 10 35 yrs. (3.6) if actual decay event is not observed within this limit. Thus our model prediction in eq.(3.4) barely within the planned Hyper-K limit although this the prediction in eq.(3.3) nearly 4 times larger than this limit. If the proton decay is observed closer to the current or planned experimental limits, it would vindicate the long standing fundamental hypothesis of grand unification. On the other hand proton may be much more stable and its lifetime may not be accessible even to Hyper K. experimental search programme. These possibilities are addressed below.
GUT scale and proton life-time reduction through bi-triplet scalar
We note that the present estimation of the GUT scale can be significantly lowered so as to bring the proton-lifetime prediction closer to the current Super-K. limit if the the Higgs scalar bi-triplet Θ H (3, 3, 1) ⊂ 54 H of SO (10) In Table 1 we have presented various allowed values of the GUT scale and the proton life-time for different combinations of the diquark Higgs scalar masses M ∆ contained in ∆ R (1, 3,10) ⊂ 126 H which mediate n −n oscillation process. Even for a the bi-triplet mass M GU T /15 we note a reduced value of the unification scale at M U = 10 15.63 GeV and the corresoponding proton lifetime at τ P = 4.6 × 10 33 yrs when M ∆ ∼ 10 4 GeV. The estimated lifetimes without including the GUT-threshold effects is found to be in the range τ P = 4.6 × 10 33 yrs to 2.1 × 10 35 yrs, most of which are between the Super-K and the Hyper-K limits.
An important source of uncertainty on τ P in GUTs is known to be due to GUTthreshold effects as illustrated in the following sub-section.
Estimation of GUT-threshold effects
That there could be significant threshold effects on the unification scale arising out of heavy and super-heavy particle masses was pointed out especially in the context grand desert models [38] [39] [40] 44] and in intermediate scale SO(10) models [41] [42] [43] [45] [46] [47] [48] .
In order to examine how closer to or farther from the current experimental bound our model predictions could be, we have estimated the major source of uncertainty on proton lifetime due to GUT threshold effects in SO(10) with intermediate scales [46, 47] taking into account the contributions of the superheavy (SH) components in 54 H , 126 H , 210 H , 10 H 1 and 10 H 2 in the case of the minimal model 210 H ⊃ Σ 1 (2, 2, 10) + Σ 2 (2, 2, 10) + Σ 3 (2, 2, 6) + Σ 4 (1, 1, 15),
where the quantum numbers on the RHS are under the gauge group G 224 and the components have superheavy masses around the GUT scale. It was shown in refs. [41, 42, 45] that when G 224D occurs as intermediate symmetry, all loop corrections due to superheavy masses m SH ≥ M P cancels out from the predictions of sin 2 θ W and also from M P obtained as solutions of RGEs for gauge couplings while the GUT threshold effect on the unification scale due to the superheavy scalar masses assumes an analytically simple form. As outlined in the Appendix, even in the presence of two more intermediate symmetries below M P , analogous formulas on the GUT-threshold effects are also valid
where a ′′′ i is one-loop beta function coefficients in the range µ = M P − M U for the gauge group G 224D . In eq.(3.8)
are generators of the gauge group G 224D in the representations of superheavy gauge bosons (Higgs scalars). The one-loop coefficients for various SH components in eq.(3.7) contributing to threshold effects are [46] 
where we have projected out the would-be Goldstone components from S 3 leading to
with η X = ln(M X /M U ), and we have made the plausible assumption that all SH scalars belonging to a particular SO(10) representation have a common mass such as M 210 = M Σ i (i = 1 − 4) for 210 H and so on for other representations [47] . Utilising the model coefficients a ′′′ 2L = 44/3 and a ′′′ 4C = 16/3, and using eq. where η = 10(1/10) depending upon our assumption that SH components are 10(1/10) times heavier(lighter) than the GUT scale. By applying these GUT-threshold effects to the solutions of RGE in eq.(2.2), we obtain
where the first uncertainty is due to GUT threshold effects, and the second uncertainty derived in Appendix B, is due to the 1σ level uncertainties in the experimental values of sin 2 θ W (M Z ) and α S (M Z ). It is clear from eq.(3.13) that our prediction covers wider range of values in proton lifetime prediction including value few times larger than the current Super-K. limit. Similarly each of the numerical values in the last column of Table 1 is modified by this additional uncertainty factor of 10 ±1±0.32 in the estimated lifetimes. 
Rare Kaon Decay
Earlier several attempts have been made to derive lower bound on the lepto-quark gauge boson mass [19, 73, 74] . In this subsection we update the existing latest lower bound on the SU (4) C -leptoquark gauge boson mass [73] using the improved measurement on the branching ratio and improved renormalization group running of gauge couplings due to the running VEV's and the additional presence of G 2113 gauge symmetry in between G 224 and the SM gauge symmetries. Experimental searches on rare kaon decays in the channel K L → µ ± e ∓ have limited its branching ratio with the upper bound [35] Br The leptoquark gauge bosons of SU (4) C in the adjoint representation (1, 1, 15 ) under G 224 mediate rare kaon decay K L → µ ± e ∓ whose Feynman diagram is shown in the Figure. 3. Analytic formulas for the corresponding branching ratio is [73, 74] ,
where the factor R includes renormalization effects on the quark masses m d or m s from µ = M C down to µ = µ 0 = 1 GeV through the G 2113 , the SM and the SU (3) C gauge symmetries.
Noting that the down quark or the strange quark mass satisfies the following renormalization group equations,
where 
where
In Fig. 4 where the uncertainty is due to the the existing uncertainties in the input parameters. From the derived solutions to RGEs for gauge couplings this lower bound on the leptoquark gauge boson mass is easily accommodated in our model.
Neutron-Antineutron Oscillation
Here we discuss the prospect of this model predictions for experimentally observable n −n oscillation while satisfying the rare-kaon decay constraint by fixing the G 224 symmetry breaking scale at M C ∼ 2 × 10 6 GeV as derived in eq. The n −n mixing mass element δm nn and the dibaryon number violating amplitude
are related up to a factor depending upon combined effects of hadronic and nuclear matrix element effects
The experimentally measurable mixing time τ nn is just the inverse of δm nn This model prediction is accessible to ongoing search experiments [76] . However, the GUT scale fit to the fermion masses can be successfully implemented without constraining the f values when a second 126 ′ H is present at the GUT scale with all its component at M U except ξ ′ (2, 2, 15) being around the M P scale. Then using f 11 = 0.1 − 0.01, the estimated value turns out to be τ n−n ∼ 10 9 − 10 13 sec. Out of this the mixing time in the renge 10 9 −10 10 sec can be probed by ongoing experiment [76] . Table 2 . Predictions for n−n oscillation mixing time as a function of allowed couplings and masses of diquark Higgs scalars in the model described in the text.
DETERMINATION OF DIRAC NEUTRINO MASS MATRIX
The Dirac neutrino mass near the TeV scale forms an essential ingredient in the estimations of inverse seesaw contribution to light neutrino masses and mixings as well as the LFV and LNV processes in this model in addition to predicting leptonic CP-violation through non-unitarity effects. Since the procedure for determination of M D has been discussed earlier [36] , we mention it briefly here in the context of the present model. In order to obtain the Dirac neutrino mass matrix M D and the RH Majorana mass matrix M N near TeV scale, at first the PDG values [49] of fermion masses at the electroweak scale are extrapolated to the GUT scale using the renormalization group equations (RGEs) for fermion masses in the presence of the SM for µ = M Z − 5 TeV, and from µ = 5 − 10 TeV using the RGEs in the presence of G 2113 symmetry [55, 82] . From µ = 5 − 100 TeV, RGEs corresponding to two Higgs doublets in the presence of G 2113 symmetry are used [55] . These two doublets which act like up-type and down type doublets are treated to have originated from separate representations 10 H 1 and 10 H 2 of SO(10). Formulas for different fermion mass matrices at the GUT scale have been discussed in [36, 55] 
, and in the absence of 126 H in those models , the diagonal structure of F was shown to originate from available non-renormalizable higher dimensional operators.The new interesting point here is that the present model permits F to be renormalizable using the ansatz [67] F = f v ξ , and the induced VEV v ξ of ξ(2, 2, 15) ⊂ 126 H is predicted within the allowed mass scales of the SO(10) while safeguarding precision gauge coupling unification.
Using the charged-lepton diagonal mass basis and eq.(5.2) we have M e (M GU T ) = diag(0.000216, 0.0388, 0.9620) GeV,
In the present model, type-II seesaw contribution being negligible and the neutrino oscillation data being adequately represented by inverse seesaw formula, there is no compelling reason for the Majorana coupling f to be non-diagonal. On the other hand diagonal texture of RH neutrino mass matrix has been widely used in the literature in a large class of SO(10) models. Moreover, as we see below, the diagonal structure of f which emerges in the minimal model exactly predicts the RH neutrino masses accessible to LHC and the neutrino oscillation data. * We then find that diagonal texture of f gives the matrix G d to be also diagonal leading to the relations where we have used the RG extrapolated values at the GUT scale. It is clear from the value of the mass matrix F in eq. (5.5) that we need a small VEV v ξ ∼ 10 MeV to fit the fermion mass fits at the GUT scale. To verify that this v ξ is naturally obtained in this model, we note that the spontaneous symmetry breaking in this model G 224 → G 2113 occurs through the VEV of (1, 3, 15) H ⊂ 210 H . Then the desired trilinear term in the scalar potential V gives the natural value of the VEV for M ξ = 10 12 − 10 13 GeV.
Repeating the RG analysis of ref. [36] we have verified that the precision gauge coupling unification is unaffected when ξ(2, 2, 15) occurs at such high intermediate scales except for an increase of the GUT scale by nearly 2 and the GUT fine structure constant by nearly three times. That the Parity violating scale and the GUT scale would be marginally affected is easy to understand because the contribution due to ξ(2, 2, 15) to all the three one-loop beta-function coefficients are almost similar δb 2L = δb 2R = 5, δb 4C = 5.333. That the unification is bound to occur can be easily seen because there are only two gauge coupling constant lines for µ > M P .
Using the computed values of M 0 u and the value of F from eq. (5.5)in eq. (5.2), gives the the matrix G u at µ = M GU T . Another by product of this fermion mass fit at the GUT scale is that the matrix elements of F now gives f = diag(f 1 , f 2 , f 3 ) and consequently the RH neutrino mass hierarchy M While the first RH neutrino is lighter than the current experimental limit on Z R boson mass, the second one is in-between the Z R and W R boson mass limits , but the heaviest one is larger than the W R mass limit. These are expected to provide interesting collider signatures at LHC and future accelerators. This hierarchy of the RH neutrino masses has been found to be consistent with lepton-number and lepton flavor violations discussed in Sec.2, Sec.4, and Sec. 
FITTING THE NEUTRINO OSCILLATION DATA BY GAUGED INVERSE SEESAW FORMULA
In the presence of three singlet fermions S i , (i = 1, 2, 3), the inverse seesaw mechanism [36, [50] [51] [52] 55 ] is implemented in the present model through the SO(10) invariant Yukawa Lagrangian that gives rise to the G 2113 invariant interaction near the TeV scale [36, 55] where χ R (1, 1/2, −1, 1 
This Lagrangian gives rise to the 9 × 9 neutral fermion mass matrix after electroweak symmetry breaking.
In contrast to the SM where all three matrices M N , M , and µ S have no dynamical origins, in this model the first two have dynamical interpretations M N = f v R , M = y χ v χ ; only µ S suffers from this difficulty. In this model the RH neutrinos being heavier than the other two fermion mass scales in the theory with M N ≫ M > M D , µ S , they are at first integrated out from the Lagrangian, which, in the (ν, S) basis, gives the 6 × 6 mass matrix
This is further block diagonalised to find that the would be dominant type − I seesaw contribution completely cancels out leading to the gauged inverse mass formula for light neutrino mass matrix and also another formula for the sterile neutrinos(S)
The complete 6 × 6 unitary mixing matrix which diagonalizes the light-sterile neutrino effective mass matrix M eff is
In this extended inverse seesaw scheme, the light neutrinos are actually diagonalized by a matrix which is a part of the full 6 × 6 mixing matrix V 6×6
† is a measure of non-unitarity contributions. In the (ν, S, N ) basis, adding RH Majorana mass M N to eq.(6.2), the complete mixing matrix [36, 57] diagonalizing the resulting 9 × 9 neutrino mass matrix turns out to be
as shown in the appendix. In eqn.
N , and
Although the N −S mixing matrix M in general can be non diagonal, we have assumed it to be diagonal partly to reduce the unknown parameters and as we shall see the LFV effects constrain the diagonal elements. Noting that η αβ = Majorana phases α 1 = α 2 = 0 , we use the non-unitarity mixing matrix N = (1 − η) U PMNS , and the relation m ν = Nm ν N T , to derive the form of µ S matrix from the light neutrino † For related references on the 90% C.L of the bounds on the elements |η αβ | see references cited in [36, 55] .
mass formula (6.3) 
LEPTON FLAVOR VIOLATIONS
Within the framework of this extended seesaw scheme [36] , the dominant contributions are mainly through the exchange of heavy sterile neutrinos (S) as well as heavy RH neutrinos (N R ) with branching ratio [36, 55, [59] [60] [61] [62] Br (
where the summation over j and k goes over number of sterile neutrinos S j and for heavy right-handed Majorana neutrinos N k and the mixing matrices are V νŜ α j = {X U S } α j and Compared to RH neutrinos, the branching ratios due to exchanges of sterile neutrino (S i ) are found to be more dominant Br (µ → e + γ) = 3.5 × 10 −16 .
Similarly, other LFV decay amplitudes are estimated leading to [63] Br (τ → e + γ) = 3.0 × 10 −14 ,
These branching ratios are accessible to ongoing search experiments We have also noted here that the leptonic CP-violating parameter due to non-unitarity effects is J ≃ 10 −5 which is similar to the model prediction of ref. [36] .
In the generic inverse seesaw, there is only one small lepton number violating scale µ S and the lepton number is conserved in µ S = 0 limit leading to vanishing nonstandard contribution to the 0ν2β transition amplitude. On the contrary, in the extended seesaw under consideration, it has been shown for the first time that there can be a new dominant contributions from the exchanges of heavy sterile neutrinos [36] . The main thrust of our discussion will be new contribution arising from exchange of heavy sterile neutrinos S i with Majorana mass M S = µ S − M (1/M N )M T as explained in Sec. 6. Because of heavy mass of W R boson in this theory, the RH current contributions are damped out. 
New formula for half-life and bound on sterile neutrino mass
We derive a new formula for half-life of 0νββ decay as a function of heavy sterile neutrino masses and other parameters in the theory. We then show how the current experimental bounds limit the lightest sterile neutrino mass to be M S 1 ≥ 14 ± 4 GeV. Using results discussed in previous sections, the inverse half-life is presented in terms of η− parameters and others including the nuclear matrix elements [36, [64] [65] [66] 
where the dimensionless particle physics parameters are
In eqn. (8.5), m e (m i )= mass of electron (light neutrino), and m p = proton mass. In eqn. (8.4) , G 0ν 01 is the the phase space factor and besides different particle parameters, it contains the nuclear matrix elements due to different chiralities of the hadronic weak currents such as M 0ν ν involving left-left chirality in the standard contribution. Explicit numerical values of these nuclear matrix elements discussed in ref. [36, [64] [65] [66] are given in Table. Table 3 . Phase space factors and nuclear matrix elements with their allowed ranges as derived in Refs. [36, [64] [65] [66] .
In terms of effective mass parameter, the inverse half-life for neutrinoless double beta decay is given as, where G 0ν contains the phase space factors, m e is the electron mass, and M ν is the nuclear matrix element and the effective mass parameters are
GeV, we predict the effective mass for 0νββ transition rate for light neutrino masses, For direct prediction of half-life as a function of heavy sterile neutrino and its comparison with experimental data of ongoing search experiments, we derive the following analytic formula where K 0ν = 1.57 × 10 −25 yrs −1 eV −2 and
This formula is different from the one obtained using type-II seesaw dominance in SO (10) with TeV scale Z prime [85] . 
The moduli of these eigenvalues and the corresponding elements of M are given in Table 4 . It is clear from eq.(8.9) that the half-life is a function of three mass eigenvalues M S 1 , M S 2 and M S 3 while all other parameters are known. For fixed values of M S 2 = 50 GeV and [6] [7] [8] [9] . It is quite clear from Fig.8 that the lightest of the three heavy sterile neutrino masses has the lower bound
Further eq.(8.9) also predicts that this lower bound would not be affected significantly as long as M S 3 >> M S 2 >> M S 1 which is easily satisfied by the type of solutions allowed by the non-unitarity constraint on η αβ . Including the light neutrino exchange contribution in the formula for NH, IH and QD cases (δ = 0) and for fixed value of |p| = 160 MeV we have plotted the half-life as a function of M S 1 as shown in Fig.9 where the upper, lower, and the middle curves represent the QD, NH, and IH pattern of light neutrino masses, respectively. Because of the opposite sign of the light-neutrino and the sterile-neutrino exchange contributions, there is partial cancellation between the two effective mass parameters especially in the QD case resulting in a somewhat larger life-time compared to the NH case or the IH case. This figure gives the lower bound at M S 1 14 GeV for NH and IH cases as before , but M S 1 12.5 GeV for the QD case. But when the whole range of uncertainty in the |p 2 | is included, this difference disappears. We have checked that, although a knaive extrapolation of the formula of eq.(8.9) for higher eigen values of M S i (i = 1, 2, 3) resulting from larger values of M 1 , M 2 , M 3 gives a maximum in the half-life finally settling down at T 1/2 ∼ 2 × 10 25 yrs., these solutions contradict the prediction of TeV scale Z ′ boson accessible to LHC. They also correspond to LFV decay branching ratios substantially lower than those estimated here.
It is clear that even when the whole range of uncertainties in |p| are included the three curves overlap although for a fixed value of |p| the QD case gives a factor of nearly 7 times larger lifetime prediction compared to the other two cases especially when M S 1 ≃ 20 GeV. This suggests that even if the uncertainties in |p|, mainly emerging due to nuclear matrix elements is considerably reduced, detection of 0νββ decay life time in the QD case would require more accurate measurements, if the light neutrinos are quasidegenerate and M S 1 = 15 − 20 GeV. Because of the underlying gauged inverse nature of the inverse seesaw mechanism relying upon the validity of the constraints on the mass matrices M N ≫ M ≫ M D , µ S and the non-unitarity constraint emerging from LFV decays, large values of M S 1 beyond 20 GeV are disallowed.
Apart from these small and moderate cancellations between the two contributions, we do not find any large cancellation leading to large half-life inaccessible to ongoing 0νββ decay searches. We conclude that the sterile neutrino exchange contribution dominates the decay process in most of the regions of the parameter space especially for NH and IH cases for all allowed M S 1 values. In the QD case this holds for M S 1 values up to ∼ 20 GeV allowed by the model.
SUMMARY AND DISCUSSIONS
We have implemented extended seesaw mechanism in a class of SO(10) models containing one additional fermion singlet (S) per generation leading to TeV scale Z ′ boson and heavy RH Majorana neutrino (N ) masses via U (1) R × U (1) B−L gauge symmetry breaking generated through the Higgs representation 126 H while the N − S mixing matrix M is generated through the VEV of RH doublet Higgs contained in 16 H . Inspite of the presence of the TeV scale RH neutrino mass matrix M N , and naturally dominant Dirac neutrino mass matrix (M D ) in the model, the would-be large contribution due to type-I seesaw cancels out. The type-II seesaw contribution is damped out because of large parity violating scale and the TeV scale B − L breaking. The formula for light left-handed neutrino masses and mixings are adequately well represented by the gauged inverse seesaw formula . The Dirac neutrino mass matrix M D that plays a crucial role in the inverse seesaw formula, non-unitarity effects and predictions of LFV decays and 0νββ decay is obtained by fitting the charged fermion masses and CKM mixings at the GUT scale for which the induced VEV of ξ(2, 2, 15) ⊂ 126 H is utilized in addition to two separate Higgs doublets originating from 10 H (1,2) . The roles of two different types of SO(10) structures corresponding to the presence of (i) a single representation 126 H leading to a diagonal structure of RH neutrino mass matrix, or (ii) two representations 126 H and 126 ′ H leading to a general structure of RH neutrino mass matrix, are discussed with their respective impact on the phenomenology of observable n −n oscillation. While the dominant new contribution to 0ν2β decay in the W L − W L channel due to sterile neutrino exchanges, saturates the current experimental limits arrived at various experimental groups, the branching ratios for LFV decays, and rare kaon decays are noted to be within the accessible ranges of ongoing search experiments. Using RG analysis, we have derived the lower bound on the lepto-quark gage boson mass mediating rare kaon decays to be M lepto ≥ (1.53 ± 0.06) × 10 6 GeV which is easily accommodated in the GUT scenario. The unification constraint on gauge couplings of the SO(10) model is found to permit diquark Higgs scalar masses extending from ∼ (10-100) TeV leading to observable n −n oscillation while satisfying flavor physics constraints [86] saturating the lepto-quark gauge boson mass bound. These suggests that the model is also simultaneously consistent with observable rarekaon decay by ongoing search experiments.
Compared to the recent interesting proposal of ref. [26] [27] [28] , although successful generation of baryon asymmetry of the universe has not been implemented so far in this model, we have one extra gauge boson accessible to LHC. Likewise, in our model the lepto-quark gauge boson mediated K L → µē is also accessible to ongoing search experiments. Whereas the new B − L violating proton decay is predicted to be accessible in ref. [26] [27] [28] , in our case it is B − L conserving proton decay p → e + π 0 . Whereas the type-I seesaw mechanism associated with high B − L breaking scale is generally inaccessible to direct experimental tests, in our case the TeV-scale gauged inverse seesaw is directly verifiable. In the minimal model the predicted values of the RH neutrino masses are also accessible for verification at LHC. Even though the model is non-supersymmetric, it predicts similar branching ratios as in SUSY models for LFV processes like µ → eγ, τ → µγ, and τ → eγ. Even for the Dirac phase δ = 0, π, 2π of the PMNS matrix, the model predicts the leptonic CP-violation parameter J ≃ 10 −5 due to non-unitarity effects. We have explicitly derived a new formula for the half life of 0νββ decay as a function of the sterile neutrino masses in the model and derived the lower bound M S 1 ≥ 14 ± 4 GeV imposed by the current experimental limits on the half life. In this model as also in the model of ref. [36] , the lifetime corresponding to Heidelberg Moscow experiment does not necessarily require the light neutrinos to be quasi-degenerate. We have checked that the analytic formula obtained for the half life for the dominant 0νββ in the W L −W L channel of ref. [36] , is analogous to the formula obtained in this work with almost the same lower bound on the lightest sterile neutrino mass when the decay amplitudes in the RH sector is neglected because of much heavier W R mass.
The predicted proton-lifetime in the minimal model is found to be τ p (p → e + π 0 ) ≃ 5.05 × 10 35±1.0±0.34 yrs where the first(second) uncertainty is due to GUT-threshold effects(experimental errors). This lifetime is accessible to ongoing and planned experiments. We have noted significant reduction of the predicted lifetime, bringing the central value much closer to the current Super K. limit with τ p (p → e + π 0 ) = 1.1×10 34 yrs−5.05×10 35 yrs when the effect of a lighter bi-triplet Higgs contained in the representation 54 H ⊂ SO (10) is included. We conclude that even though the model does not have low-mass RH W ± R bosons in the accessible range of LHC, it is associated with interesting signatures on lepton flavor, lepton number and baryon number violations and rare kaon decays. [41, 42, 45, 47] . We show how this property can be ensured in this model with precision gauge coupling unification while predicting vanishing GUT-threshold corrections on M P , analytically, but with non-vanishing finite corrections on M GU T . We derive the corresponding GUT threshold effects in SO(10) model with three intermediate symmetry breaking steps, G 224D , G 224 , and G 2113 between the GUT and the standard model whereas the uncertainties in the mass scales has been discussed in ref. [46] only with single intermediate breaking.
Estimation of experimental and GUT
The symmetry breaking chain under consideration is SO(10)
where a ′′′ i , a ′′ i , a ′ i , and a i are, respectively, the one-loop beta coefficients for the gauge group
Following the formalism used in ref. [46, 47] , one can write the expressions for two different contributions of sin 2 θ W (M Z ), and α s (M Z ):
where, 
10.1.3
Uncertainties in M U with vanishing correction on M P
In the present work, we have considered minimal set of Higgs fields belonging to a larger SO(10) Higgs representation implying other Higgs fields which do not take part in symmetry breaking will automatically present at GUT scale. Since we can not determine the masses of these heavy Higgs bosons and, hence, they introduce uncertainty in other mass scales M P and M U via renormalization group equations resulting source of GUT threshold uncertainty in our predictions for proton life time. For this particular model, the GUT threshold corrections to D-parity breaking scale and unification mass scale is presented below The last step resulting in vanishing GUT-threshod correction analytically follows by using expressions for f U M , f U θ ,B U and A U derived in 10.1.1. This was proved in ref. [45] . Table 5 . One and two loop beta coefficients for different gauge coupling evolutions described in text taking the second Higgs doublet at µ ≥ 5 TeV.
